We performed systematic temperature and concentration dependent measurements of the Soret coefficient in different associated binary mixtures of water, deuterated water, dimethyl sulfoxide (DMSO), methanol, ethanol, acetone, methanol, 1-propanol, 2-propanol, propionaldehyde using the so called thermal diffusion forced Rayleigh scattering method. For some of the associating binary mixtures such as ethanol/water, acetone/water and DMSO/water the concentration x ± w at which the Soret coefficient changes its sign does not depend on temperature and is equal to the concentration x × w where the Soret coefficient isotherms intersect. While for others such as 1-propanol/water, 2-propanol/water and ethanol/DMSO the sign change concentration is temperature dependent, which is the typical behavior observed for non-associating mixtures. For systems with x ± w = x × w we found that x ± w depends linearly on the ratio of the vaporization enthalpies of the pure components. Probably due to the similarity of methanol and DMSO we do not observe a sign change for this mixture. The obtained results are related to structural changes in the fluid observed by nuclear magnetic resonance, mass specrometric and X-ray experiments in the literature. Furthermore we discuss the influence of hydrophilic and hydrophobic interactions and the solubility on thermal diffusion behavior.
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I. INTRODUCTION
Thermal diffusion describes the migration of molecules in a temperature gradient. For a binary mixture in a temperature gradient ∇T , the enrichment of one component ∇x is characterized by the Soret coefficient S T , as
A positive Soret coefficient of the component with the weight fraction c implies that this component moves to the cold region of the fluid.
The main practical applications are separation processes 1,2 such as thermal field flow fractionation of polymers and colloids or isotope separation, characterization of geochemical processes 3,4 and combustion 5 . Although the discovery of the effect by Ludwig 6 dates back 150 years, even qualitative predictions for liquids, which are of practical importance, are often difficult.
Even less than 20 years ago different experimental techniques such as thermo gravitational columns, beam deflection, utilizing diffusion cell and thermal diffusion forced Rayleigh scattering (TDFRS) gave different results for the simple organic mixture of toluene/n-hexane [7] [8] [9] .
Later the deviations could be resolved 10, 11 and additionally a benchmark test has been initiated, to measure the Soret coefficient S T in simple organic mixtures by different experimental techniques 12 . In the recent years it was also demonstrated that the TDFRS method gives reliable results for aqueous systems and compares well with other experimental techniques 10, [13] [14] [15] . But recent studies on a non-ionic surfactant by the TDFRS technique showed, that the small amount of dye, which is added to convert light into heat energy, can influence the thermal diffusion behavior of the surfactant system 16, 17 . Therefore special care needs to be taken for systems with complex phase behavior.
Conceptually, binary mixtures of simple molecules can be divided into three groups: mixture of spherical molecules without specific interactions, mixtures of non-spherical molecules without specific interactions and associated mixtures. In the first group of mixtures the component with the larger mass or higher density moves to the cold side, and this effect becomes stronger if the components are less miscible [18] [19] [20] [21] It turned out that the change in S T after isotopic substitution of cyclohexane, neither depends on concentration nor on the nature of the mixing partner. Only in the case of polar acetone ∆S T is approximately 30% larger but still concentration independent. This investigation has also been extended to a broader temperature range 27 .
Associated mixtures often show a sign change of the Soret coefficient with concentration [28] [29] [30] so that the direction of the thermal diffusion process is predominantly guided by excess properties and not by the properties of the mixing partners like the difference in mass or moment of inertia. Such behavior is expected from the non-ideality of such mixtures due to the hydrogen bond formation. On the other hand it was observed that the sign change concentration correlates with the concentration at which the hydrogen bond network breaks down 17 and the concentration dependence of the Soret coefficient in aqueous systems seems to be universal 31 . Therefore it might be possible to relate the sign change concentration with properties of the pure components and the structure of the mixture. Refractive index increments with concentration (∂n/∂c) p,T at a constant pressure and temperature were measured using an Abbe refractometer. The temperature derivatives of the refractive index (∂n/∂T ) p,c at a constant pressure and concentration were determined in a temperature range T ± 3
• C using a Michelson interferometer 32 .
C. TDFRS experiment and data analysis
The principle of the TDFRS method is described elsewhere in details 33 . An argon-ion laser (λ w =488 nm) is used for writing the temperature grating into the sample. The laser beam is split into two writing beams of equal intensity by a beam splitter. An intensity grating is created in the sample by the interference of two laser beams. A small amount of dye in the sample converts the intensity grating into a temperature grating, which in turn causes a concentration grating by the effect of thermal diffusion. Both gratings contribute to a combined refractive index grating, which is read out by diffraction of a third laser beam (λ r =633 nm).
The intensity ζ het (t) of the heterodyne signal normalized to the thermal signal is related to the Soret coefficient
with
where q is the grating vector, D is the mutual diffusion coefficient and A is the amplitude of the concentration signal.
To determine the transport coefficients, Eq. 2 is fitted to the measured heterodyne signal (c.f. Fig. 1a ) using two contrast factors (∂n/∂c) p,T and (∂n/∂T ) p,c which are measured separately. The fit residuals are generally less than 1%, even for the mixture with the highest dye content. However a small systematic trend can be observed, which is due to the dye contribution as a third component to the concentration signal. Those systematic deviations vanish, if one accounts for dye contribution by a two mode analysis 16, 17 (c.f. Eq.
3).
Now we want to study in more detail the influence of the added dye and the influence of the laser intensity. Ideally the dye is inert, which means that there is no photo bleaching and no dye contribution to the diffraction signal. In order to study the dye influence, we varied the optical density between 2 cm −1 -10 cm The increasing amplitude with dye content could be either due to screened electrostatic interactions by the charged dye molecules or due to convection problems, because the increasing dye optical density leads also to a larger temperature gradient. In order to investigate the role of convection we performed also laser intensity dependent measurements at constant dye content (c.f. Fig. 3 ). Extrapolation of both amplitude and diffusion coefficient to zero dye optical content (c.f. Fig. 2 , A OD→0 = 0.431, D OD→0 = 7.07 × 10 −6 cm 2 s −1 ) and to zero laser intensity (c.f. Fig. 3 , A OD→0 = 0.429, D OD→0 = 7.14 × 10 −6 cm 2 s −1 ) agree within 0.5% and 1%, respectively. Therefore it is sufficient for the aqueous systems to perform intensity dependent measurements at a low optical density around 2.5 and extrapolate to zero laser intensity. At the same time, the quantitative estimation of each contribution, convection and screening electrostatic interactions by dye molecules is difficult.
III. RESULTS
We performed systematic measurements of the Soret coefficient in different associated mixtures at different temperatures as a function of concentration. Fig. 4 shows the Soret coefficient for ethanol/water mixtures at different temperatures and concentrations. Figure   4a shows the influence of the temperature and Fig. 4b the effect of the isotopic substitution is independent of concentration. Compared to the system ethanol/water the sign change concentration x ± s = 0.219 for DMSO/water is higher. On the other hand the isotopic shift ∆S T is larger for the system ethanol/water compared to DMSO/water.
The Soret coefficient for 1-propanol/water at different temperatures and concentrations is plotted in Fig. 6 . Also 1-propanol moves at low solvent content to the cold side, which is indicated by a positive Soret coefficient. In contrast to the systems ethanol/water and DMSO/water the sign change concentration depends on temperature and is equal to x for the system acetone/water a stronger polarization of the water molecules in the vicinity of acetone has been observed at high water content x w > 0.96 35 . So the polarization effect occurs at higher water content compared to DMSO/water, but it shows in the investigated temperature range no temperature dependence. The thermal diffusion behavior of those two systems follows a similar trend with respect to temperature, whereas the water content at the sign change concentration is higher for acetone/water than for DMSO/water.
Takamuku et al. 36 investigated aqueous solutions at low temperatures by X-ray scattering.
They found, that for methanol/water mixture the composition of the dominant clusters formed at 25
• C does not significantly change when the temperature is lowered. In contrast, 2-propanol/water shows a stronger temperature dependence. For 2-propanol the chain clusters are enhanced in the mixture when the temperature is lowered. This might be an indication why for systems with stronger hydrophobic interactions the sign change concentration of the Soret coefficient can be temperature dependent.
B. Relation between the thermal diffusion motion and a structural change in the fluid
At high water content for all aqueous systems studied so far water accumulates at the warm side. In many cases the Soret coefficient changes its sign at a certain solvent concentration x ± s . For the systems regarded here we observe the following sequence x ± s = 0.08, 0.095, 0.11, 0.14, > 0.18 and 0.195 for 1-propanol, 2-propanol, acetone, ethanol, methanol and DMSO in water. In the case of methanol/water the sign change concentration could not be determined precisely from the literature data 37 and also TDFRS measurements were not possible in the entire concentration range due to the low refractive index contrast between methanol and water. Therefore, we estimated the highest concentration of methanol, below which no sign change occurs by measuring diluted aqueous solutions.
It is intuitive to relate the sign change concentration with structural changes in the fluid mixture. There are numerous nuclear magnetic resonance (NMR) 34 , mass spectrometry 38 , dielectric spectroscopy 39 and x-ray scattering 40 studies, which investigate the change from the tetrahedral structure of water to other structures such as chain-like conformations with increasing solvent concentration. Takamuku et al. 40 investigated alcohol/water solutions by X-ray scattering and found that the structure changes with increasing alcohol concentration in the order of n-propyl ≈ iso-propyl > ethyl > methyl at alcohol mole fractions of 0.1, 0.1, 0.2, and 0.3, respectively. Additionally, the same concentrations correspond to the minima of the enthalpies of mixing of the alcohol/water mixtures, which is explained by a compensation of an enthalpic gain due to alcohol/water hydrogen bonding with an enthalpic loss due to a breaking of the tetrahedral water structure with increasing alcohol concentration.
Thus, the larger the hydrophobic group, the more rapidly the tetrahedral-like structure of water is disturbed with increasing alcohol concentration. We observed the same tendency for the sign change concentrations for aqueous mixtures of 1-propanol, 2-propanol, ethanol and methanol. The small difference in the thermal diffusion behavior between 1-propanol and 2-propanol might be explained by the observation, that the minimum of the excess enthalpy for 1-propanol/water mixture is shifted more towards the water rich region compared to 2-propanol/water mixture 39 , which suggests that the water structure is more effectively disrupted by 1 
C. The effect of solubility
The absolute value of the Soret coefficient was previously connected with the solubility parameter 21 . Mutually soluble components become undistinguishable, so that the Soret coefficient of such mixtures is equal to zero. Consequently, the Soret coefficient should increase with decreasing solubility. Generally, the solubility is determined by the Gibbs mixing energy (∆G M = ∆H M − T ∆S M ). With increasing temperature enthalpy (∆H M ) and entropy (−T ∆S M ) contributions to the Gibbs energy act in the opposite way (as far as both ∆H M and ∆S M become larger due to weaker hydrogen bonding and less ordering in the system, respectively). For ethanol/water and DMSO/water mixtures the increasing temperature leads probably to an increasing solubility 41 , which decreases the absolute values of the Soret coefficient in the whole concentration range (c.f. Fig. 4a, 5a ). This is not the case for water propanol mixtures (c.f. Fig. 6 ). The additional contribution in enthalpy/entropy competition due to the enhancement of propanol clusters 40 could be responsible for the observed behavior (c.f. Fig. 6 ).
D. The effect of hydrophilic interactions
As we already mentioned the sign change concentration can be attributed to the stability of water clusters. At the same time, the stability of water clusters is determined by the hydrophilic (dipole moment) and hydrophobic (number of carbon atoms in hydrophobic part) parts of the solute molecules. In order to study the effect of hydrophilic interactions we consider aqueous mixtures of solvents with the same hydrophobic part (two carbon atoms).
In the case of acetone and propionaldehhyde the third carbon is polarized by the double bond with the oxygen and not counted. With the assumption that the intermolecular interactions can be characterized by the enthalpy of vaporization, the stability of water clusters can be determined by the ratio of vaporization enthalpy of the solvent and water. The ratio of the vaporization enthalpies can also be attributed to the ratio of pure interaction parameters of a Lennard-Jones (LJ) mixture (e.g. ψ = H is controlled by the value of k 12 . This corresponds with a variation of the temperature (c.f. Fig. 4a and 5a ). In contrast ψ, which is equivalent to the ratio of vaporization enthalpies, has almost no effect on the slope, but it shifts the Soret coefficient as mass and inertia changes do. The latter was already noticed by Köhler et al. 43 . In Fig. 8 s , but the roughly 10% larger vaporization energy for heavy water compensates this effect so that also those systems follow the line. At the same time decreasing (or increasing) the hydrophobic part of the solute increases in case of methanol (or decrease in case of propanol) the concentration at which the sign change occurs. A similar trend has been observed for the break down of the hydrogen bond network 40 . Additionally, our measurements suggest that for all systems on the line the sign change concentration is temperature independent,
E. Effects in alcoholic mixtures with DMSO
The system methanol/DMSO stands out from the other systems because it has neither an intersection point nor a point when the Soret coefficient changes its sign. In a recent molecular dynamic simulation by Vechi and Skaf 44 it was shown that the structure formation in methanol/DMSO mixtures is not markedly altered by changing the concentration. This is an indication that DMSO and methanol are quite similar and compatible, which might also be the reason that the sign of the Soret coefficient does not change in dependence of concentration.
The stability of DMSO clusters influences the thermal diffusion behavior of both mixtures.
The absence of the sign change for methanol/DMSO mixtures means better miscibility of methanol (no DMSO cluster) in comparison with ethanol (DMSO clusters form) in DMSO.
Unfortunately, we did not find a value for the Gibbs energy of mixing, but the enthalpic contribution is negative for methanol/DMSO and positive for ethanol/DMSO mixtures 45 , which indicates a better solubility of methanol in DMSO.
The difference between the systems methanol/DMSO and ethanol/DMSO mixtures lies in their different hydrophilic groups. As stated already methanol is very similar to DMSO and the fluid structure does not depend on the mixing ratio. The similarity of the two substances is also reflected by the similar hydrogen bonding parameters of DMSO and methanol, which are almost twice as large as the one for ethanol 46 . Therefore it is likely that ethanol will introduce a different fluid structure due to the larger hydrophobic group which leads then to a sign change of the Soret coefficient.
V. CONCLUSION
We studied systematically the thermal diffusion behavior of associated and highly polar We also investigated two polar but non-aqueous mixtures: methanol/DMSO and ethanol/DMSO. The system methanol/DMSO does neither show a sign change nor an intersection point of the isotherms, which might be due to the similarity of methanol and DMSO.
Ethanol/DMSO behaves like a typical non-associating mixture with x ± w = x × w . To reveal further the microscopic mechanism of the thermal diffusion process molecular dynamic studies need to be performed.
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